Pioneering room-temperature studies of single molecules, quantum dots, and color centers have all been based on the detection of fluorescence. Fluorescence provides the crucial benefit that molecules can be detected on a low background with a certain degree of specificity through their characteristic spectra. However, fluorescence microscopy is accompanied by several restrictions including (1) limited photoemission caused by photobleaching, which prevents long measurements, (2) finite fluorescence rate (saturation), which limits speed, (3) photoblinking, which might hinder continuous observations, as well as (4) the need for labeling, which may introduce artifacts to the interpretation. As a result, many efforts have been launched for fluorescence-free detection of matter down to the single-molecule level. In this Mini Review, we discuss the developments of the past two decades, which have led to the label-free detection of nanoparticles including single dye molecules, semiconductor quantum dots, viruses, and small proteins through interferometric scattering (iSCAT) microscopy. A thorough account can be found in ref ([@ref1]).

Extinction Measurements down to Single-Molecule Sensitivity {#sec2}
===========================================================

Extinction of a beam, be it of light, sound or material particles, is usually formulated in the context of the Optical Theorem (OT).^[@ref2]^ Often rendered as extinction = absorption + scattering, the OT states that the energy taken out of a plane wave with a well-defined wavevector **k** is either due to absorption, that is, transfer of energy to other channels, or due to scattering into other **k**-vectors. When attempting to detect a small object in extinction, it is desirable to focus the incident beam tightly to reach the most favorable ratio of the object cross-section to the beam area, σ/*A* (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). In this situation, the application of the OT becomes nontrivial since a large number of **k** vectors and strong polarization gradients are involved in the tight focus. Nevertheless, rigorous calculations show that even one atom can fully extinguish a focused laser beam,^[@ref3]^ thus testifying to the fundamentally efficient nature of Rayleigh scattering as a light-matter interaction mechanism.

![Various schemes for illumination and detection. Red arrow represents the dipole moment associated with a nano-object. Light green and shaded areas indicate the illumination (*E*~i~) and the scattered fields (*E*~s~), respectively. (a) Point detection in transmission via focused illumination. A typical extinction dip using such a detection scheme is sketched. (b) Wide-field illumination and transmission detection on an imaging camera. Again, a typical extinction image is depicted. (c) A reflection-based scheme for point detection with illumination similar to (a). (d) Point detection in transmission with focused illumination, similar to (a) but with an external reference beam of field (*E*~ext~). (e) A scheme of illumination and wide-field imaging by means of reflection, equivalent to a folded version of (b).](nl9b01822_0001){#fig1}

A more informative picture of the extinction process is based on the realization that the signal on the detector consists of an intensity, which stems from the sum of the fields associated with the incident beam (*E*~i~) and those scattered by the object (*E*~s~)where *P*~d~ denotes the power detected. Thus, for a high degree of extinction to occur, the cross-term has to annul the first two positive terms, leading to destructive interference in the forward direction. In this picture, it becomes clear that spatial mode matching between the wavefronts of *E*~i~ and *E*~s~ is a critical requirement for perfect extinction. In the case of a subwavelength object, the incident wavefronts should match a dipolar emission pattern.^[@ref2],[@ref3]^ Indeed, decomposing a focused laser beam into multipoles shows that the tighter the focus, the higher the contribution of the dipole component.^[@ref4]^ In other words, optimization of the metric σ/*A* and spatial mode matching are two sides of the same coin.

The general case of subwavelength nanoparticles can be treated by considering the scattering and absorption cross sections, given by and , respectively, where denotes the complex particle polarizability.^[@ref2]^ Here, *V* denotes particle volume, λ~m~ signifies the wavelength in the medium whereas ϵ~p~ and ϵ~m~ are the permittivities of the particle and the embedding medium, respectively. The wavelength-dependent complex quantities ϵ~p~ and ϵ~m~ determine the balance between absorption and scattering contributions. We note that the key quantity that generates the signal on the detector is *E*~s~ = *αE*~i~. Therefore, because the real and imaginary parts of ϵ~p~ are connected through the Kramer--Kronig relations, absorption is also encoded in the amplitude and phase of *E*~s~.^[@ref2]^ We also remark that although plasmon resonances in materials such as silver and gold enhance scattering, the magnitude of α is predominantly determined by the particle volume *V*. Here, it should be noted that the highest plasmonic effects in the visible range lead to about a 10-fold increase in the scattering cross-section for silver, corresponding to about a factor of 3 in α. This plasmonic advantage can be compensated by a mere increase of 45% in the particle radius.

In the ideal case of a two-level emitter illuminated by monochromatic light resonant with its transition at wavelength λ, elementary treatments show that the extinction cross-section amounts to σ~0~ = 3λ^2^/2π.^[@ref5]^ Considering that light can be focused to about *A* ≈ (λ/2)^2^, given by the diffraction limit, a single molecule would be expected to cast a significant shadow on the laser beam. Indeed, recent cryogenic experiments have reported on extinction dips of about 10% from single dye molecules.^[@ref6]^ In the case of single emitters at room temperature, σ~0~ is reduced by a factor in the order of 10^--5^ due to thermal agitations which lead to dephasing of the dipole moment. Nevertheless, as we will show in later sections, single semiconductor quantum dots and dye molecules can be detected in direct extinction.^[@ref7],[@ref8]^

In fact, it turns out that even the conventional bright-field configuration is suitable for detecting extinction with very high sensitivity. Here, as depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, a laser beam is focused in the back focal plane of a microscope objective to generate plane-wave illumination on the sample. A second objective collimates the scattering from a nano-object into a tube lens which images it onto a camera screen. The laser beam is rendered back to a plane wave, illuminating a large area on the camera. The wavefronts are maximally mismatched so that only a small fraction of the incident power interferes with the scattered light within the microscope point-spread function (PSF). Although the interaction is not very efficient, even a very weak image spot corresponding to a single protein can be detected because the illumination is spread over a large area, leading to a correspondingly weak background.

Nevertheless, standard bright-field arrangements are not used for sensitive extinction imaging because the eye, and even most modern detectors simply do not have the required dynamic range to process a small signal on a large background.^[@ref1]^ This led many scientists to invent clever strategies such as dark-field, phase contrast, and differential interference contrast (DIC) microscopies.^[@ref1]^ Interestingly, however, these methods did not push the limits of detection sensitivity with regard to the achievable signal-to-noise ratio (SNR). Instead, they merely provided convenient ways of identifying image features within the limitations of the available detectors.

At the turn of the twenty-first century, single-molecule detection relied on fluorescence, and detection of nonfluorescent nanoparticles, for example, gold or silver, was achieved solely via dark-field microscopy. Here, it is important to realize that the decisive parameter for fluorescence detection of single molecules is a high quantum efficiency, defined as , where γ~r~ and γ~nr~ represent the radiative and nonradiative decay rates, respectively. For extinction measurements, however, the metric of interest is the extinction cross-section given by . At room temperature, the latter quotient amounts to about 10^--6^ to 10^--5^ for nearly all common cases of emitters embedded in a solid, where the dephasing rate γ~deph~ is the dominating factor. Thus, it follows that even if γ~nr~ ≈ 1000γ~r~ (i.e., very strong quenching), the extinction cross-section does not change substantially whereas such conditions would render fluorescence detection impossible. Thus, extinction opens a large number of doors for exploring nonfluorescent matter.

In 2001, Plakhotnik and Palm reported on an interesting cryogenic experiment wherein signatures of single dye molecules were detected via interference between their scattering and a residual reflection of the excitation laser beam.^[@ref9]^ In 2002, Orrit, Lounis, and colleagues showed a room-temperature method that took advantage of light absorption for detecting small gold nanoparticles (GNPs) based on the photothermal effect.^[@ref10]^ Here, a laser beam was used to heat a nanoparticle, which in turn changed the temperature and, thus, the index of refraction of its environment. A second laser beam was then used to detect the index change via heterodyne interferometry. In 2004, Sandoghdar et al., introduced iSCAT microscopy.^[@ref11]^ Using a common-path interferometer in a simple reflection arrangement (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), a supercontinuum laser beam was used to image GNPs down to a diameter of 5 nm and record their plasmon spectra. Later that year, Arbouet and co-workers reported on a lock-in assisted measurement of the transmitted light (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) for detecting GNPs down to 10 nm.^[@ref12]^ In 2006, Ignatovich and Novotny showed the detection of single viruses in a microfluidic channel via interference with an external laser beam^[@ref13]^ (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). In the same year, wide-field (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e) and microsecond imaging capability of iSCAT were also demonstrated.^[@ref14]^ A more complete account of these and related developments is found in ref ([@ref1]).

The physical principles and techniques that are employed in the above-mentioned efforts were already well understood a century earlier in terms of reflection, absorption, and transmission from bulk measurements. However, researchers had to improve their experimental techniques and adapt their theoretical understanding to the concept of "scattering" to become sensitive to individual nonfluorescent molecules. Indeed, the general wisdom prior to the above-mentioned developments in the 2000s was that single molecules and small nanoparticles could not be detected via extinction.

Interferometric Scattering (iSCAT) Detection {#sec3}
============================================

The principal concept in interferometric microscopy is the superposition of a reference light field **E**~r~ = *E*~r~*e*^*iϕ*~r~^ with the field emerging from the sample. Let us consider a field **E**~s~ = *E*~s~*e*^*iϕ*~s~^ scattered from a subwavelength object. The detected power readsThe first of the three resulting components denotes the contribution of the reference field (*I*~r~ = \|*E*~r~\|^2^), whereas the second and third terms represent the contributions of the pure scattering power from the object (*I*~s~ = \|*E*~s~\|^2^) and the cross-term (2*E*~r~*E*~s~ cosϕ) with ϕ = ϕ~r~ -- ϕ~s~. This phase contains a sinusoidal component that describes the propagation phase, a Gouy phase caused by the variations of wavevectors, and a phase contribution determined by the dielectric function of the nano-object.^[@ref11]^

Considering the proportionality of *E*~s~ to α, one notes that *I*~s~ drops with the sixth power of the particle size. The signal from a 5 nm particle is, therefore, one million times smaller than that of a particle with a diameter of 50 nm. Because the cross-term in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} is linearly proportional to *E*~s~, it dominates *I*~s~ for small *E*~s~. Thus, to access the information about the particle, one can consider the detected signal with and without the particle of interest to arrive at the contrastWe emphasize that *E*~r~ represents any kind of reference field, for example, the incident field in conventional extinction (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) or an external reference (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), including both homodyne (at the same frequency) and heterodyne (with a frequency offset) detection schemes. We also point out that an iSCAT measurement performed in reflection (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) can be considered as a folded version of an extinction experiment (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). In this sense, we consider iSCAT as an umbrella nomenclature for any interferometric mechanism used to detect small nanoparticles via scattering.

The expression in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} might lead one to imply that a better sensitivity could be achieved if one minimized *E*~r~ in the denominator. In fact, one can adopt an optical arrangement, where *E*~r~ is adjustable at will, for example, by employing a separate reference arm (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). However, the increase in contrast that results is accompanied by a smaller overall signal, which leads to a lower SNR in the shot-noise limit.^[@ref11]^ Moreover, a scheme using a separate arm is more susceptible to mechanical instabilities. Nevertheless, engineering of the balance between *E*~r~ and *E*~s~ can be advantageous for practical reasons.^[@ref15],[@ref16]^

Long and Fast Measurements {#sec3.1}
--------------------------

One of the main shortcomings of fluorescence microscopy is a limited observation time imposed by photobleaching. However, the scattering signal does not degrade over time because the illumination wavelength is typically far from any absorption resonances in the sample, regardless of whether one uses the inherent scattering of a bioparticle or detects a GNP. Thus, very long measurement times become feasible.

Another decisive advantage of scattering over fluorescence is the lack of saturation. The lifetime of the excited state in a fluorophore imposes a bottleneck on the rate at which it can radiate, thus limiting how fast one can image. Scattering, however, does not suffer from such saturation because it is a linear process so that a stronger illumination yields higher scattering rates. Indeed, up to 1 MHz imaging speed has been demonstrated in iSCAT, limited only by the availability of suitable cameras.^[@ref14],[@ref17],[@ref18]^ Furthermore, one should keep in mind that the finite absorption cross-section of biological matter puts a limit on acceptable illumination intensities on live cells, depending on many parameters such as the cell type and phase in its life cycle, the illumination wavelength, modality (continuous-wave or pulsed), and duration.^[@ref19]^ To give a flavor of the illumination power used in iSCAT, we point out that the fastest imaging in ref ([@ref20]) required less than 10 kW/cm^2^ at a wavelength of 550 nm.

Background Removal {#sec3.2}
------------------

In fluorescence microscopy highly efficient spectral filtering eliminates spurious background light. Similarly, spatial filtering, rather than spectral filtering, is also a necessity for dark-field microscopy. The background in iSCAT constitutes an integral part of the signal (see [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}) facing the particular challenge that slight lateral changes in the topography or refractive index of the sample or substrate introduce a speckle-like pattern (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). This background needs to be subtracted to arrive at the desired information about the nanoparticle under study. Some of the technical difficulties in doing so involve eliminating the temporal fluctuations in the illumination and addressing the limited dynamic range of the detector.^[@ref1]^

![iSCAT image of a bare coverslip recorded at a time *t* (a,i) and of the same area recorded at a later time *t* + Δ*t* (a,ii). Subtraction of the image acquired at time *t* + Δ*t* from the earlier frame removes static background features (a,iii). Dynamic arrival of two proteins registers in the differential frame (a,iv, marked with arrows). Adapted from ref ([@ref21]). Illustration of a SV40 virus bound to ganglioside (GM1)-tagged lipids in an artificial lipid bilayer (b,i). An iSCAT image of single SV40 virions attached to a lipid bilayer on a coverslip (b,ii), adapted from ref ([@ref22]). Illustration of a bacteriophage showing head and tail geometry (c,i). A trajectory from the head of a single bacteriophage whereas its tail is adsorbed to the surface (c,ii). Following stimulation, the DNA content of the capsid head is ejected over time (c,iii), as determined through the diminishing iSCAT contrast. Adapted from ref ([@ref44]).](nl9b01822_0002){#fig2}

In dynamic studies, the background can be conveniently eliminated if the particle of interest appears on the sample or moves within it faster than the changes in the background. Here, consecutive images can be differentially subtracted to remove the stationary part of the image,^[@ref21],[@ref22]^ as illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. In practice, different variations of this method can be used. For example, a temporal median intensity can be subtracted,^[@ref23]^ an iterative-estimation algorithm is used,^[@ref24]^ or one averages rolling windows across stacks of frames.^[@ref25]^ For situations where the background possesses spatiotemporal dynamics as is the case for live biological specimens, more sophisticated image processing must be used.^[@ref20]^

We note that one could equally well apply these background treatment methods to dark-field microscopy. In fact, the shot-noise-limited SNR in interferometric detection is only a factor of 2 better than that in dark-field detection. In practice, however, ultrasensitive dark-field detection is challenging because the sixth-power dependence of the signal on the particle size places higher demands on the dynamic range and sensitivity of detectors than with iSCAT.

Detection Sensitivity {#sec3.3}
---------------------

Any sensitive measurement is ultimately limited by random signal fluctuations, which we call "noise". The most prominent noise sources are the instrumental laser power fluctuation and beam pointing instability. To detect iSCAT contrasts smaller than about 10^--3^, laser intensity fluctuations would have to be accounted for via referencing or normalization. In the case of confocal imaging with use of a point detector, one can use a balanced photodiode pair to reach a stability in the order of 10^--7^.^[@ref8],[@ref26]^ In camera-based imaging, the total power recorded within each frame can serve to similarly account for intraframe fluctuations. However, beyond the instrumental noise sources, photon number fluctuations in a laser beam given by the so-called shot noise ( for an average of *N* photons) put a fundamental limit on any measurement.^[@ref5]^

It is worth mentioning that iSCAT measurements can be extremely robust against mechanical instabilities if the reference and the scattering beams share common paths. Nevertheless, lateral vibrations might compromise ultrasensitive measurements because even a few nanometers of motion suffice to change the differential contrast that results from imperfect background subtraction.^[@ref27]^

Nanometer Lateral and Axial Localization Precision {#sec3.4}
--------------------------------------------------

As in fluorescence microscopy, the center of an iSCAT-PSF can be determined within the available SNR to localize the lateral position of a nanoparticle. As we will see below, this has been exploited to track viruses and gold nanoparticles with nanometer precision at unprecedented speeds. However, the major asset of iSCAT imaging is in its sensitivity to the phase ϕ in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, giving access to information on nanometer axial displacements. To this end, reflection mode iSCAT offers the best axial iSCAT resolution (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,e), where the scatterer can accumulate a traveling phase. The first realizations of this nanoholographic feature were reported in refs ([@ref28]) and ([@ref29]). However, the ambiguity associated with the periodic nature of ϕ limited the detectable displacements to values below 100 nm. More recently, it has been shown that the evolution of the PSF rings and their contrasts can provide crucial information about the particle's axial position over several micrometers.^[@ref20]^ A particularly fruitful situation arises in the case of wide-field illumination where planar and spherical waves interfere to produce rings around the main PSF spot on the camera.^[@ref20],[@ref30]^

Illumination and Detection Arrangements {#sec3.5}
---------------------------------------

In the first iSCAT studies, the laser focus was scanned across the sample and the iSCAT signal was recorded on a point detector.^[@ref11]^ However, this was soon extended to wide-field^[@ref14]^ and fast beam-scanning^[@ref22]^ illumination schemes combined with camera detection. These modes can be operated with the detector either placed in transmission or in reflection to match the needs of each study (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

For example, an important advantage of reflection iSCAT is its exquisit sensitivity to the axial position of the nanoparticle. In transmission measurements, on the other hand the background speckle is reduced because *E*~r~ and *E*~s~ experience smaller phase difference.^[@ref1]^ This feature was combined with index matching to detect single small organic molecules^[@ref8],[@ref26]^ and for imaging in cells.^[@ref31]^

Another important point to realize is that iSCAT measurements do not necessarily require laser illumination. Any light source can be used as long as the coherence length of the light is sufficiently large compared to the separation between the scatterer and the location where the reference is picked up. Indeed, nanoparticles very close to a cover glass can also be detected with iSCAT using incoherent sources such as LEDs.^[@ref32]^

Applications requiring fast imaging are best suited for wide-field illumination and camera-based detection, which can reach speeds of several tens of kilohertz up to megahertz. This is far faster than scanning schemes, be they based on piezoelectric actuators^[@ref11],[@ref26],[@ref33]^ or acousto-optical deflectors.^[@ref7],[@ref17],[@ref18],[@ref34]^ The iSCAT contrast can be enhanced in the reflection mode because the reference field becomes weaker. To improve the contrast for real-time inspection, spatial masks have recently been introduced.^[@ref15],[@ref16]^

Applications {#sec4}
============

Gold Nanoparticles {#sec4.1}
------------------

Gold nanoparticles (GNPs) have played an important role in the development of iSCAT because they are interesting for plasmonic applications and can be used as inert and stable biological labels. The early experiments detected GNPs as small as 5 nm^[@ref11],[@ref14]^ limited by the speckle background that is generated by the underlying glass substrate. Recently, GNPs as small as 2 nm in diameter were imaged with iSCAT.^[@ref35]^

Some of the iSCAT studies performed on GNPs include the retrieval of the complex dielectric function of a single particle as small as 10 nm over the visible spectrum,^[@ref36]^ determining the orientation of ellipsoidal nanorods through polarized detection,^[@ref37]^ and mapping occupation probability within microfludic slit channels.^[@ref29],[@ref38]^ Further examples of two and three-dimensional tracking of GNPs will be discussed below.^[@ref17],[@ref18],[@ref20],[@ref23],[@ref39]−[@ref42]^

Semiconductor Colloids {#sec4.2}
----------------------

Semiconductor nanocrystal quantum dots act as artificial atoms and have applications in many areas of science and technology, including bioimaging. These nanoparticles with typical diameters of a few nanometers and extinction cross sections in the order of 10^--15^ cm ^--2^ were used in experiments that aimed at extending the sensitivity of iSCAT beyond small GNPs.^[@ref7]^ A thin sheet of mica, which can be locally atomically flat, was used as a substrate to reduce background variations by about 1 order of magnitude. Furthermore, a second photodiode was used as a reference for laser intensity fluctuations. In this manner, different kinds of single core--shell dots were successfully detected, even during dark photoblinking periods.^[@ref7]^

Dye Molecules {#sec4.3}
-------------

iSCAT experiments on single quantum dots were soon followed by direct modulation-free detection of single dye molecules in extinction.^[@ref8],[@ref26]^ Here, an even better suppression of laser and background noise was crucial for reaching detection sensitivity beyond 10^--6^. To address the instrumental laser noise, balanced detectors were used.^[@ref8]^ To improve the background, molecules were immersed in index-matching oil and investigated in transmission. Measurements at different wavelengths paved the way for single-molecule absorption spectroscopy.^[@ref26]^

We note that dye molecules, quantum dots, and metal nanoparticles all have spectral resonances. However, even a small finite-sized dielectric nanoparticle can yield a large interferometric signal because the magnitude of the polarizability α is strongly influenced by the particle volume *V*.

Viruses {#sec4.4}
-------

Shortly after its debut, iSCAT was applied to the detection of viruses and virus-like particles in systems such as microfluidic channels,^[@ref13]^ dielectric substrates,^[@ref33],[@ref43]^ artificial lipid membranes (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b)^[@ref22],[@ref33]^ and more recently in biological cells.^[@ref31]^ Furthermore, iSCAT was combined with fluorescence to track a virus and a quantum dot attached to its surface simultaneously. This made it possible to visualize the nanoscopic binding domains of a single virus on an artificial membrane and to follow its rocking and tumbling motion.^[@ref22]^ In another study, iSCAT was used to image the position and orientation of bacteriophages on a functionalized surface and to resolve the stimulated ejection of DNA to a shot noise-limited precision of 4200 base pairs^[@ref44]^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Indeed, iSCAT holds a particularly high promise for tracking single viruses, which typically range in dimension from about 20 nm to beyond 200 nm with high spatial resolution at high speed and for very long times in a fully label-free fashion in order to visualize their interactions with cells and cellular environment.^[@ref31]^

Proteins {#sec4.5}
--------

The iSCAT signal of proteins is in the order of 1000 times smaller than that of an average virus because typical proteins are only a few nanometers in size, ranging between a few to a several hundred kDa in molecular weight. Nevertheless, it turns out that the scattering cross-section of a protein can be comparable to the absorption cross-section of a dye molecule. Thus, considering our earlier demonstration of single-molecule absorption, unlabeled single proteins should also be detectable by iSCAT.

The first results on iSCAT detection of single proteins were reported in early 2014 for myosin 5a with molecular weight of 500 kDa^[@ref34]^ and a series of smaller proteins down to BSA at 65 kDa,^[@ref21]^ (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,iv). A careful analysis of the contrast for proteins of different size, together with single-molecule fluorescence benchmarking and studies of binding kinetics, was used to demonstrate the exquisite sensitivity of iSCAT for label-free registration of single proteins with mass sensitivity.^[@ref21]^ This technique is superior to other biosensing solutions in many aspects. First, it enables one to count single proteins, bringing sensing to its ultimate limit. Second, detection occurs over a large continuous surface area. This is in contrast to several modern methods relying on plasmonic antennas^[@ref45]^ or optical microcavities.^[@ref46]^ Third, the fact that each protein arrival is localized in space and time provides invaluable information about the interaction of the protein with the substrate (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), and finally, the experimental setup can be very compact and simple. However, as is the case in the great majority of biosensing platforms, including those relying on surface plasmons, microcavities, or mechanical oscillators, specificity has to be achieved via surface functionalization.^[@ref21]^

![Sensitive detection of single proteins. (a,i) Nanometer localization of the PSF from a single protein. (a,ii) The super-resolved binding sites for many detected albumins across an imaging sequence. Adapted from ref ([@ref21]). (b) Linear relation between the iSCAT signal and protein mass enables precise molecular weight calibration for different proteins and their complexes. Adapted from ref ([@ref25]). (c,i) Illustration of the experimental arrangement for detecting the secretome from a single Laz388 cell. (c,ii) Histogram of contrast (mass) of secreted proteins, wherein the Immunoglobulin G (IgG) fraction can be identified. Adapted from ref ([@ref48]).](nl9b01822_0003){#fig3}

The linearity of iSCAT contrast with particle volume also makes it sensitive to mass if one makes the reasonable assumption that the density of biological particles such as proteins does not vary much. This key property has been recently employed to demonstrate the applicability of iSCAT to quantitative mass spectrometry^[@ref25]^ (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Furthermore, iSCAT was used to monitor the dynamics of molecular events such as protein aggregation, oligomerization, and cross-linking. Moreover, iSCAT has also been applied to a range of other protein studies such as mobility of single myosin-5 motor proteins on actin,^[@ref34]^ assembly of single tubulin dimers to a growing microtubule,^[@ref47]^ and motion of small proteins upon landing on a surface.^[@ref18]^ Other recent promising application of label-free single-protein detection include real-time investigation of cellular secretion^[@ref27],[@ref48]^ (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). This scheme has also been extended to an arrangement where surface plasmons in a thin gold surface replace freely traveling photons.^[@ref49]^

Lipid Membranes {#sec4.6}
---------------

The early iSCAT studies of viruses on supported lipid bilayers^[@ref22],[@ref33]^ were followed by measurements on GNPs serving as a scattering label to investigate lipid diffusion. Here, GNPs are tethered to guest lipids mixed at low concentration within a synthetic lipid bilayer formed on glass substrates^[@ref18],[@ref23]^ (see, for example, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Particles as small as 20 nm can be localized with nanometer precision at a speed of several thousand to one million frames per second,^[@ref17],[@ref18]^ allowing one to resolve transient nanoscale confinements (see, for example, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Here, it is important to bear in mind that achieving a high localization precision through long integration times, for example, as is done in fluorescence microscopy, would smear positional information and would, thus, mask fast dynamics.

![iSCAT study of lipid bilayers. (a) Schematic of a single GNP labeling lipids via a linker in a lipid bilayer membrane. Adapted from ref ([@ref40]). (b) Diffusive trajectory of a membrane lipid over 5 s recorded at 1000 fps, revealing examples of confinement into nanoscale geometries (insets). Adapted from ref ([@ref18]). (c) Image sequence of a transient liquid-ordered nanodomain (marked with a dashed circle) disappearing into the surrounding lipid bilayer membrane, taken from ref ([@ref51]). (d,i) Newton rings appear in a wide-field iSCAT image of a GUV. A single Tat-coated polymer nanoparticle (marked by arrow) is bound to the outer surface. (d,ii) Schematic of a nanoparticle attached to a GUV, and a three-dimensional diffusional trajectory of the Tat-coated polymer nanoparticle, showing Brownian diffusion on a spherical surface. Color coding indicates temporal progression. Adapted from ref ([@ref18]).](nl9b01822_0004){#fig4}

In addition, iSCAT tracking of GNPs has been employed for discriminating between the varying mobilities of lipids diffusing in differently ordered phases of a bilayer membrane.^[@ref40]^ Here, we emphasize that it is challenging to carry out quantitative comparative studies of different measurement methods because each labeling strategy might introduce a systematic bias, leading to variations in the diffusion coefficients obtained.^[@ref41]^

The high sensitivity of iSCAT can also be used to image small lipid entities directly without the need for a label, for example, small unilamellar vesicles (SUVs).^[@ref29]^ Moreover, docking and rupture of such SUVs with a size down to 20 nm were observed in real-time,^[@ref18],[@ref50]^ and transient dynamic phases within a supported membrane were examined^[@ref51]^ (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c).

To avoid the influence of supporting substrates on the diffusion of lipids, free-standing model membranes have been studied with iSCAT. For example, a continuous lipid membrane can be spanned on an ultrathin substrate containing an array of micrometer-sized pores,^[@ref39]^ producing both supported and free-standing membranes. High-resolution iSCAT trajectories of GNP-tagged lipids confirmed that nanoscopic transient confinement events were only observed on the supported part of the substrate. An important asset of iSCAT tracking in this study was the ability to visualize diffusion in lipid bilayers prepared on gold-coated parts of the substrate, where fluorescence tracking is hampered by strong quenching.

Another promising option for investigating free membranes is to work with giant unilamellar vesicles (GUVs). Tracking on such a three-dimensional object is more challenging, but preliminary results have been obtained on the diffusion of viral-mimetic particles on GUVs with diameters in the range of tens of micrometers. Using iSCAT tracking, nanoparticles could be localized to nanometer precision in all dimensions over an extended range^[@ref18]^ (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d).

Imaging Cells and Associated Elements {#sec4.7}
-------------------------------------

The past decade has witnessed a revival of interferometric imaging for cell biology applications. Previous efforts in holography and quantitative phase imaging, which have visualized larger cellular features,^[@ref52]^ are now being extended to the nanoscopic structures of the cell and its membrane. Some of the examples of the recent activities include profiling topology and membrane adhesion sites in wide-field^[@ref53],[@ref54]^ and confocal-scanning^[@ref55]^ configurations as well as growth, attachment, and retraction of bacterial pili.^[@ref56]^ Similarly, interferometric imaging can report on the nanomechanics of biomembranes,^[@ref57]^ including subnanometer twitching in the neuronal cell following execution of an action potential.^[@ref58]^

A particularly challenging task in cell biology is to visualize diffusion and transport of viruses, proteins and other bioparticles on the cell surface. To date, however, transient cellular nanoscale effects have precluded satisfactory or compelling investigation by fluorescence methodologies because of limited measurement speed and duration. While the characteristic features of iSCAT microscopy make it highly suited to address these issues, the presence of large speckle-like background generated by the cell membrane and its corpus poses a daunting challenge. Nevertheless, recent efforts have shown that proper data analysis allows one to decipher the iSCAT signal of interest and trace three-dimensional trajectories of proteins and viruses^[@ref20],[@ref31],[@ref42]^ (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). In particular, 3D iSCAT tracking of a transmembrane protein on a live cell has unraveled unprecedented details about heterogeneous mobility, nanoscopic confinement in clathrin-like lattice structures and directed diffusion along filopodia over long times^[@ref20]^ (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b--d).

![iSCAT tracking on the live cell. (a) Three-dimensional trajectory of a vaccinia virus interacting with a live HeLa cell surface. The virus is seen to undergo immediate nanoscale confinement. Trajectory recorded at 5000 fps. Adapted from ref ([@ref31]). (b) A long trajectory of 75 000 data points recorded from a GNP-labeled transmembrane protein on a live HeLa cell, tracked to few-nanometer precision. (c) Temporal accumulated residency of the protein confirms regions of prolonged confinement. (d) Three-dimensional interpolated surface of a trajectory showing nanoscale confinement of the protein upon the membrane surface, consistent with confinement into a clathrin pit preceding endocytosis. (b--d) Adapted from ref ([@ref20]).](nl9b01822_0005){#fig5}

Discussion and Outlook {#sec5}
======================

Interferometric signals have been at the heart of many imaging techniques, including conventional bright-field microscopy. However, the recent application of these methods to detection, imaging, and tracking of nano-objects as small as single proteins and molecules has opened a new chapter in microscopy under the heading of iSCAT, which emphasizes the importance of scattering as the central interaction mechanism. This Mini Review has discussed the rapid development of iSCAT over the past 15 years and has shown that its success relies on the fundamental property that the optical cross-section of even the smallest nanoparticle is fairly large to detect.

The current state of the art in iSCAT achieves sensing of unlabeled bioparticles as small as about 50 kDa on well-defined surfaces such as functionalized cover glass within about hundred milliseconds.^[@ref21],[@ref25]^ On a live cell membrane, gold nanoparticles as small as 20 nm have been tracked in 3D at 50 μs temporal and about 5 nm spatial resolution.^[@ref20]^ It is important to emphasize that as it is not possible to quantify the limits of fluorescence microscopy in a general manner (for example, speed and sensitivity depend on the choice of fluorophore), it is similarly not possible to express the capabilities of iSCAT in a simple tabulated form either. The limit on the sensitivity and performance of iSCAT in imaging and tracking individual nanoparticles is imposed by the signal-to-noise ratio, which is in turn determined by parameters such as the scattering cross-section of the nanoparticle, illumination intensity, and choice of detector. The chief menacing factor for iSCAT imaging is background dynamics, which is specific to the specimen under study: the high sensitivity of iSCAT to nanoscopic amount of matter means that slightest variations in the optical path become imprinted onto the background.

Progress in detector technologies, data analysis, image processing, and machine learning promise to push the limits of iSCAT further. In particular, long-term 3D tracking of nanoparticles such as viruses in more complex cellular environments and thin tissue would be of great advantage for fundamental medical research. Some of the challenges in achieving these goals as well as possible solutions are common to methods such as holography, quantitative phase imaging or imaging in scattering media. To this end, approaches such as two-color microscopy and wavefront engineering hold interesting promise for pushing the limits of iSCAT microscopy. Thus, it remains to be seen to what extent iSCAT might contribute to label-free imaging of cellular structures as a whole, that is, beyond tracking isolated nanoparticles.

From a technological point of view, the simplicity of the architecture of an iSCAT microscope makes it ideally suited to miniaturization into a compact instrument or integration into commercial microscope stations. One can, therefore, expect iSCAT to have a widespread impact in nanobiology, diagnostics, laboratory analytics, and materials research.
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